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EFFECTS OF IRRADTATION ON

STRUCTURAL PROPERTITES OF CRYSTALLINE CERAMICS

F. W. Clinard, Jr. and G. F. Hurley
University of California
Los Alamos Scientific Laboratory

Los Alamos, NM 87545, USA

ABSTRACT

Stability of crystalline ceramic nuclcar waste may be degraded by
self-irradiation damage. Changes in density, strength, thermal conducti-
vity, and lattice structure are of concern. In this paper, structural
damage of ceramics under various radiation conditions is discussed and
related to possible effects in nuclear waste.

INTRODUCTION

Crystalline ceramic forms of nuclcar waste must exhibit stability cver
extremcly long storage times, Seclf-irradiation is a major potential source
of structural degradation which can reduce waste stability. The principal
sourcce of radiation damage in nuclear waste 3 s -untaneous decay of alpha-
active isotopes of actinide metals such as Pu, Am, Np, and Cmu(l) Damirge
cffects are similar regardless of the isocope considered; alpha decay
produces a recoil ion which is born with an encrgy of ~10G keV and loses
this cnerpgy primarily by collisional processes, The A5 MeV alpha particle
loses most of its cnergy through clectronic cexcitation and therefore
causes less collisional damage than does the recoil ion, However, the he-

iium gas deposited in the latticoe is itself a source of degradation. Beta
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cmitting isotopes in nuclear waste are not a major source of displacement
damage, but transmutation products resulting from beta decay can alter
material bchavior *y indu:ing compositional changes.

Little information is available on alpha decay-induced damage in
cerainics, or on the detailedcharacteristicsofceramic nuclear waste. This paper
considers the broad question of radiation-induced structural changes in
ceramics, and r2lates these changes to possible effects in ceramic waste.
IRRADIATION-INDUCED STRUCTURAL CHANGES
Swelling

One or more phases in multiphase ceramic waste may swell under irra-
diation, with consequent fracture of the swelling phase and perhaps of the
waste mass itself. The resulting increase in surface area will lecad to
accelerated dissolution if leaching agents are present. In addition,
fracturc will decrease thermal conduction, thus increasing waste temperature
and thermal stresses which may cause further degradation.

Ccramic waste will be damaged to a level of roughly one displacement
per atom (dpa)* in ~102 to 10° yrs if alpha decay events arc uniformly
distributcd,(z) with higher iocalized damage levels anticipated if actinide
isotopes are concentrated in certain phases, At 1 to 10 dpa, swelling
of most ceramics fall within the range zecro to a few percent, as shown by
the ncutron irradiation data of Table T. Uniform swelling is not ncces-
sarily detrimental. lloweve~. (diffarential or consirained swolling beyond
that which can be accommodated clastically (on the order of 0.3 vol%) or
‘plastically may lecad to Fracture. Somc non-cubic ccramics such as Aly0;

swell anisotropically amd are therefore more likely to suffer structural

*ipa villucs for ceramics are rough estimates, since displacement cnergics

are in almost all cases unknown.
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deterioratior (e.g., by grain boundary scparation) than are thosc that swell
isotropically.

Swelling of ceramics can occur by two mechanisms: an aczumulation of
point defects which dilate the lattice, and creation of new lattice sites.
Lattice dilational swelling is greatest at low temperaturcs where poirt
defects can remain isolated, and this growth often correlates with lattice
expansion measured by x-ray diffraction. Creation of new lattice sites
typically involves such phenomena as condensation of vacancies into voids
and conversion of interstitials to lattice atoms (e.g., by precipi. tion
into interstitial loops) These defect aggregates are usually large enough
to be observed by transmission electron microscopy (TEM). Figure 1 shows
an example of aggregates, in this case voids and dislocation tangles,
in Al;04. Aggregated defects seen in other ceramics are listed in Table I.
The mechanism and magnitude of swelling vary with temperature and the
ceramic under consideration; the 3% volume change for SiC at 300 K appears
to be due to lattice dilation,(s) whereas that observed in Al;03 at elevated
tcmperatures roughly coincides with measured void volume.(g) Ceramics
which swell by the formation of new lattice sites tcnd to show a swelling
peak as a function of tempcrature, but location of the peak is not typically
at the same fraction of the absolute melting point as that obscrved for
most metals (0.4 to 0.6 Tp). The swelling peak for 2rQ, -G6% Y,0, (Table I)
occur~ at v0.29 Ty, whercas other ceramics show peaks at tewperatures
ranging from 0,21 to 0,53 Tm.(p)

Insoluble gascs can enhance swelling at clevated temperaturcs by
stabilizing voids agalnst re-solution. Since an alpha-decay-induced
damage level of 1 dpa is accompaniced by formation of a large amount
(V1000 appm) of hclium,(z) pas effects may play a mijor role in determining

swelling behavior of nuclear waste.



-4.

Strength

Stresses on ceramic waste may arise from macroscopically or micro-
scopically constrained swelling, thermal stresses, dead weight, or stresses
from geological effects. Gocd fracture strength is important in preventing
mechanical failure and concomitant pulverization from any of these sources.
Strength of brittle ceramics is determined by the stress required to
extend a flaw, according to the relationship of/E'= Kc' Here Of is the
rracture stress, ¢ is flaw size, and I(c is the fracture toughness. Thus
irradiation damage can affect strength if flaw size or fracture toughness
is altered,

Change in Fracture Toughness. Since fracture toughness is proportional to

the product (Young's modulus times fracture surface energy), increases or
decreases in strength could be brought about by a change in either of
these terms. Fracturc toughness of sapphire is increased by high tempera-
ture irradiation which produces microvoids.(lo) Here the voids are vicwed
as impeding the crack front, thercby effectively producing an increase in
encrgy for crack propogation. TFactors which might reduce fracture tough-
ness would include any reduction in crack blunting processes, or a reduc-
tion of modulus. Changes in the latter are not usually large, whiic
changes duc to the former would likely be limited to a reduction in that
portion of thc fracture cnergy attributable to plastic blunting processes.

Charge in Crack Sizc. A number of damago effects could result in changes

in crack size., Anisotropic swelling such as that scen in Al,03 results in
intergranular separation and concomitant loss of strength.(ll) Differcntial

swelling, whizh occurs in SiC bodics containing free Si, results in loss of

(12)

strength due to production of cracks. Another mechanism for flaw size



change is in-situ high-tcmperature deformation leading to surface roughen-
ing. This process has been observed to operate in tli. abscnce of radiation

(13)

effects, and may bc worsened by radiation-induced creep such as that
seen in U02.(14) However, the opposite effect could occur if enhanced
creep or diffusion results in hlunting of cracks,

Not all ceramics are brittle, and most become ductile at sufficiently
high temperatures. Fracture strength of ductile ceramics is related to
the flow stress, because plastic deformation initiates flaws or causes
pre-existing flaws to grow; either can become the fracture-initiating
defect, Thus fracture occurs at a low stress compared with that expected
from pre-existing flaws, MgO is an important example of this type of
behavior; the effect of irradiation is to harden the material and hence
raise the fracture stressncls)

Grain boundary phenomena are c¢f particular concern when considering
effects of irradiation on strength. It has been observed in :levated-
temperature tcsts of 238pu0, that helium from alpha decay forms an exten-

sive network of gas bubbies along grain boundaries;(16)

this could lead
to a significant loss of strength., Decnudation of aggregated damage necar
grain boundaries which act as sinks for defects might result in reduced
swelling in these zones and consequent high internal stresses, even in
cubic matcrials. f(inally, the nature of both intergranular and intra-
granular fracture can affect the morphology of new surfaces formed and
thus alter subscquent leaching behavior,
1t should Lbe noted that s me phenomena affecting strength {(c.g.,

slow crack gzrowth and atomistic processcs) were not addressed in this

scction, nor will thosc described necessarily affect strength of ceramics
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ut 1 to 10 dpa.* The question of strength changes under irradiation is
complex, and as is the case for all structurazl properties rclevant to
nuclear waste, must ultimately be answered by experimentation.
Trermal Conductivity

A reduction in thermal conductivity will result in higher operating
temperatures and thermal stresses, either of which can degrade waste
structure. One source f reduced thermal conductivity is cra~king of
the waste mass, as mentioned above. Another is the presence of radiation-
induced lattice defects which scatter the phonons by wkich heat is conducted.
The magnitude of the latter effect is shown for a2 number of ceramics in
Table I. It is apparent that large changes are to be expected near room
temperaturc. When this property is measured at elevated temperature,
the fractional degradation is lessened, due to a reduction in coductivity
of the starting mat:rial as a result of increased phonon-phonon scattering.
For example, ir neuivon-irradiated single-crystal Al;03 the reduction is
45% at RT but only 15% at 723 K.(17) Thus at higher operating temperatures
degradaviion is expected to be lessened, but can remain significant.

A tendency toward saturation of the reduction is typically observed.

(18}

SiC exhibits saturation below 1023 n/m? (v1 dpa), while fourteen other

ceramics approach or have reached this condition at ~2 x 1026 n/mg(lo)
(~20 dpa). Higher irradiation temperatures. where defects are more likoly
to bec observed in the form of large aggregates, are typically characterized

by a lesser reduction in thermal conductivityu(lo) This is consistent

with calculations which show thpt smaller defects are more effective at

*Price(s) found that the strength ol cubic SiC is little changed by irradia-

tion to this dose l-vel,
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(19)

at scattering phonons,.

Results in Table I show that the nature of defects in different
ceramics can vary greatly, with fixed irradiation conditions. The slight
reduction in thermal conductivity observed for MgAl,0, (indicating a
prcbable low point defect content) and the absence of aggregated defects
suggests that defect recombination and annihilation occur relztively
easily in this material, Such behavior would be desirable in ceramic
nuclear waste, and if not an intrinsic property could perhaps be engineered
into the material. For example, a finely-dispersed second phase could be
added to refine grain size and supply interphase boundaries, both of which
will increase surface area available for defect trapping and annihilation,
This approach has been used to inhibit void formation in stainless steel.(zo)
Not just thermal conductivity but all physical properties of importance
to nuclear waste stability are subject to improvement by materials re-
engineering, if knownprinciples of radiation damage control are applied,
Lattice Structure

Radiation-induced disordering of crystalline ceramics can cause a
gradual transition to an amorphous or glassy structure. (This cffect is
termed metamictization when induced in minerals by radioactive decay.)
Major changes in important structural properties such as density, strength,
and thermal conductivity may result. In addition, the higher free energy
of the glassy structurc is likely to increase leaching rates. Amorphiza-
tion can take place over a wide range of dmmage levels, depending on the
material; irradiation with heavy ions results in transformation at 0.1

(21)

to 100 dpa, while a similar damage dosc is required for metamictiza-

tion of mineralsbczz) Since nuclear waste will he damaged to 1 to
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10 dpa, amorphization must be considered a possibility.

The following factors seem to favor amorphization:

e low ionic bonding character

® open lattice structure

e high water content,
Naguib and Kellyczs) surveyed the heavy-ion irradiation behavior of 56
non-metals and found that those with ionicity <0.47 show a strcng tendency
to amorphize, It was suggested that such considerations as the absence
of an electrostatic term in the disorder energy of covalently-bonded
materials may be responsible. Taylor and Ewing(24) corpared the structure
of the thorite phase of ThSiO, (which is often found in the metamict
state) with that of the always-crystalline huttonite phase of the same
material. They found that the principal difference is the presence of a
network of large ipterconnected void spaces in the lattice of thorite.
It has bLeen postulated that an open lattice structure can relatively
easily accommodate lattice disorder, and that this might increase the
likelihood of metamictization. Also, thori‘e is characterized by a high
water content, which may enter the lattice thro-gh interconnected void
spacesn(24) Since the presence of water has been fcund to accelerate
amorphization of electron-bombarded silicates,(zs) this may be an im-
portant factor in establishing the likelihood of amorphization.
SUMMARY

At the damage level anticipated for ceramic nuclear waste (v1-10 dpa)
some ceramics undergo major structural changes while others are little
affected. The following material characteristics seem to enhance irra-

diation stability of onc or another material:
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e cubic crystal structure

high helium permeability

® large internal surface area

e high fracture toughness

e high ionic bonding character

o dense atomic packing

® low propensity for absorption of water.
These are phenomenological observations, gained by observing the effect of
a particular characteristic on irradiation behavior of one ceramic or a
class of ceramics; thus contradictions are inevitable. For example, dense
atcmic packing may supprcss amorphization but could enhance lattice
dilational swelling. Nevertheless, in cases where irradiation stability of
4 ceram.c nuclear waste form is found to be inadequate it should be possible

to apply knowledge of the role of these factors to development of more

stable waste f  ems,
ACKNOWLEDGMENT

This work was performed under the auspices of the U. S. Department of
Energy.

REFERENCES

1. G. H. Jenks and C. D. Bopp, Energy Storage in High Level Radioactive

Waste and Simulation and Measuremenrt of Stored Energy with Synthetic

Wastes, Oak Ridge National Laboratory Report ORNL-TM-3781, 1973,

2, F. W. Clincrd, Jr , Radiation Damage in Ceramics, in Procecdings of

the ERDA Workshop on Glass and Ceramic Radioactive Waste Forms, U. S.

Eucrgy Research and Developmenut Administration Report CONF-770102,

p. 147, 1977,



10.

11.

12,

~-10-

G. F. lurley and .J. M., Bunch, Swelling and Thermal Diffusivity Changcs
in Neutron-Irradiatcd Ceramics, submitted to J. Am. Ceram. Soc.

F. W. Clinard, Jr. and L. W. Hobbs, talk presented at the Annual
Meeting of the American Ceramic Society, Detroit, Michigan, May 1978,
R, J. Price, Effects of Fast Neutron Irradiation on Pyrolytic Silicon
Carbide, J. Nucl. Mater., 33: 17 (19569) .

R. J. Price, Thermal Conductivity of Neutron-Irradiated Pyrolytic
g-Silicon Carbide, J. Nucl, Mater. 46: 268 (1973).

F. W. Clinard, Jr., D. L. Rohr, and W. A. Ranken, Neutron TIrradiation
Damage in Stabilized ZrOj, J. Am. Ceram. Soc. 60: 287 (1977).

F. W. Clinard, Jr., J. M. Bunch, and W. A. Ranken, Neutron Irradiation

Damage in Al,03 and Y03, in Proceedings of the International Conference

on Radiation Effects ard Tritium Technology for Fusion Reactors,

U. S. Energy Research and Development Administration Report CONF-750989,
Vol. II, p. 498, 1976.

L. W. Hobbs, Application of Transmission Electron Microscopy to
Engincering Practice in Ceramics: Radiation Damage, J. Awn. Ceram.

Soc. (in press).

G. F. Hurley, Los Alamos Scientific Laboratory, contribution to the
Nepartment of Energy (Office of Fusion Energy) Special Turpose Materials
Annual Progress Report for 1978, USDOE report (in press).

R. S. Wilks, J. A. Desport, and J. A. G. Smith, The Irradiaticn-Induced
Macroscop.c Growth of a-Al,0; Single Crystals, J. Nucl. Mater., 24:

80 (1967).

R. B. Matthews, Irradiation Damage in Reaction-Bonded Silicun Carbide,

J, Nucl., Matcr. 51: 203 (1974).



14.
15.

16.

17.

18.

19.

20.

21.

22,

-11-

N. J. Tighe, The Structure of Slow Crack Interfaces in Silicon
Nitride, J. Mater. Sci. 13: 1455 (1978).

A. A. Solomon, Radiation-Induced Creep of UOZ' J. Am. Ceram. Soc.
56: 164 (1973).

R. A. Sambell and R. Bradley, The Strength of Irradiated Magnesium
Oxide, Phil. Mag. 9: 161 (1964).

B, A. Mueller, D, D, Rohr, and R. M. R. Mulford, Helium Release and

"
Microstructural Changes in “38Pu0,, Los Alamos Sci atific Laboratory

—r

Report LA-5524, 1974,

G. F. Hurley, contribution to the Los Alamos Scientific Laboratory
Controlled Thermonuclear Research Program Progress Report for 1977,
Report LA-7474-PR (in press).

R. P. Thorne, V., C, Howard, aad B. Hope, Radiation-Induced Changes in
Porou: Cubic Silicon Carbide, Proc. Brit. Ceram. Soc. No. 7: 449 (1967).
P. G. Klemens, G. F. Hurley, and F. W, Clinard, Jr., Reduction in
Thermal Conductivity of Ceramics duc to Radiation Damage, in

Proceedings of the Secord Topical Meeting on thc Technology of

Controlled Nuclear Fusion, U. S. Fnergy Rescarch and Development

Administration Report CONF-760935-P3, p. 957, 1977.

B. N. Singh, Inhibited Void Formation in Dispersion-Hardened Austecnitic
Stainless Steel during High-Encrgy Electron Irradiation, J. Nucl,
Mater. 46: 99 (1973).

ll. M. Naguib and R. Kelly, The Lffect of [on Bombardment on the
Structure of 81203, M003, T002, and VZOS’ Rad, Lffects 25: 79 (1975).

B, "ustman, Irradiation Effects in Uranium Dioxide, in Uranium Dioxide:

Propertics and Nuclear Applications (J. Belle, Ed.) USAEC, p. 431,

1961.



24,

25.

=12~

H. M. Naguib and R. Kelly, Criteria for Bombardment-Induced Structural
Changes in Nea-Metallic Solids, Rad. Effects 25: 1 (1975).

M. Taylor and R, C. Ewing, The Crystal Structures of the ThSiO4
Polymorphs: Huttonite and Thorite, Acta Cryst. B34: 1074 (1973).

L. W. Hobbs, Case Western Reserve Uriversity, private communication.



Ceramic

{c)
Y10,
sic

Zr02-6% Yzog

3
sga1,0, (¢
SN,

Bed-5 SiC

TABLE I

Changes Irduced in Ceramics by Neutron Irradiation to ~1-10 dpa

Irradiation Fluence, Swelling, Reduction in Aggregated

Temp., K n(m2 (a) vol % Thermal Cond., %(b) Defects Resolved Ref.
1015 2.8 x 10%° 1.9 53 voids and dis- 3

location tangles

1015 2.8 x 10%° 0.0 62 clusters 3,4
325 2.7 x 10%° 1.2 87 - 5,6
650 3.5 x 1025 0.2 -- dislocation loops 7
875 3.2 x 1025 1.6 - pores and tangles 7
1625 2.8 x 1025 0.0 - clusters 7
1015 2.8 x 10%° 0.0 8 none 3
1015 2.8 x 105 0.3 53 none 3,4
1015 2.8 x 102 3.3 60 - 3

La)En> 0.1 MeV expect >0,18 MeV for SiC
(b)derived from thermal diffusivity data, except for SiC

(c)single crystal

_9[—
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LIST OF CAPTIONS

Fig. 1. Voids (aligned along the c axis) and dislocation tangles in

A1,0, after irradiation to 4.3 x 10°° n/n’ at 875 K.
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